We report the results of pump-probe optical Kerr effect (OKE) experiments performed on neat solutions of carbon tetrachloride, nitrobenzene, methyl methacrylate monomer, binary solutions of the squaraine dye indole squarylium, and the phthalocyanine dye silicon phthalocyanine-monomethacrylate, respectively, in carbon tetrachloride, and solid solutions of indole squarylium and phthalocyanine-monomethacrylate in poly(methyl methacrylate). Dispersion measurements of the dye solutions were performed in the visible onephoton resonant region of the dyes defined by their linear-absorption spectra. The dyes' third-order molecular susceptibility response ␥ xxxx (Ϫ 2 ; 1 , Ϫ 1 , 2 ) in this spectral region is markedly different, with R ͕␥ISQ͖ Ͼ 0 and R ͕␥SiPc͖ Ͻ 0. Analysis of the dyes' OKE response requires the inclusion of high-lying two-photon states and suggests that a purely electronic mechanism dominates their OKE response. The results are used to calculate the dyes' off-resonant third-order molecular susceptibilities, which are well within the limits predicted by the Thomas-Reiche-Kuhn sum rule [M. G. Kuzyk, Opt. Lett. 25, 1183-1185].
INTRODUCTION
It has long been known that conjugated molecules (i.e., molecules with alternating single and double bonds) have very strong absorption bands in the visible and ultraviolet regions of the spectrum. 1 This conjugation strongly affects the molecular polarizability ␣, which determines the molecular-absorption spectrum. Conjugated molecules also have appreciable nonlinear-optical (NLO) susceptibilities. Because of their large nonlinear response and ease of incorporation into polymer waveguides, organic dyes have been extensively studied as NLO dopants in polymer optical devices. [2] [3] [4] The NLO response of these materials is due to their relatively large transition dipole moments and strong, narrow absorption features. There is a vast literature of linear and nonlinear studies of organic dyes, much of it concerned with the structureproperty relationships necessary to optimize the molecular NLO response. The relative ease with which organic molecules can be tailored to a particular environment potentially gives them a great advantage as NLO materials, once the factors affecting their nonlinearity are well understood, allowing them, for instance, to be chemically tailored to a particular environment while their nonlinear optical response is not affected. In this paper we report the results of resonant pump-probe optical Kerr effect (OKE) experiments performed on neat organic liquids and organic liquids and solids doped with squaraine and phthalocyanine dyes. While their strong absorption precludes the use of devices made with these dyes in their one-photon resonant regime, we show that the study of their OKE spectra in the resonant regime yields information about their higher-lying electronic excited states, the knowledge of which is necessary to accurately predict the molecular NLO response at nonresonant wavelengths.
THEORY A. Optical Kerr Effect Theory
The optical Kerr effect describes an optically induced birefringence wherein a strong optical field (the pump field) in a medium induces a change in the medium's zero-field dielectric tensor. (Unless otherwise noted in the following discussion, we will assume an initially isotropic medium, i.e., a medium whose zero-field dielectric response can be described by a scalar and a linearly polarized pump field.) The induced birefringence is characterized by the difference between the refractive indices parallel and perpendicular to the pump field's polarization vector. In a pump-probe experiment the refractive-index difference induced by the strong pump field is probed by a separate, weak optical field having polarization components parallel and perpendicular to the birefringence-inducing field. For example, a linearly polarized plane-wave probe field having components parallel and perpendicular to the pump-field polarization will, upon passing through a birefringent medium of length L, in general be elliptically polarized with a phase difference between orthogonal components
where is the vacuum wavelength of the probe field, and ␦n ʈ and ␦n Ќ are the optically induced refractive-index changes parallel and perpendicular to the pump-field po-larization, respectively. The changed polarization state of the probe field can be measured, for example, by placing the birefringent sample between crossed polarizers. For the OKE the refractive-index difference in Eq. (1) is field dependent and expressed as
where n 2B is the optical Kerr coefficient 5, 6 and E is the amplitude of the pump electric field. It is the mechanisms contributing to the optical Kerr coefficient n 2B in which we are interested.
In a pump-probe OKE arrangement the total field E incident upon the Kerr sample can be written
where E 1 is the strong pump field and E 2 is the comparatively weak probe field. We assume both the pump and the probe fields are linearly polarized plane waves traveling in the z direction, described by
( A 2 exp͑i 2 ͕͒exp͓i␦ ͑ z ͔͒cos x ϩ sin ŷ ͖ ϩ c.c.),
where
and (k 1 , 1 ) and (k 2 , 2 ) are the vacuum wave vectors and the angular frequencies of the pump and probe fields, respectively. In Eq. (5), ␦ (z) is the phase shift induced in the probe field by the pump-induced birefringence, and is the angle between the polarization vectors of the pump and the probe fields at the entrance to the Kerr sample (z ϭ 0). In Eq. (4), (z) is the intensitydependent self-induced phase shift of the pump. The probe is assumed weak enough that it induces no intensity-dependent phase change in the pump or itself. For a probe wave that is initially linearly polarized ͓␦ (z р 0) ϭ 0͔ the solution of the nonlinear wave equation for the probe field 7, 8 yields a probe phase change,
where ⑀ 0 ( 2 ) is the dielectric constant of the Kerr medium at the probe wavelength, and (3) (Ϫ 2 ; 1 , Ϫ 1 , 2 ) is the third-order NLO susceptibility for the pump-probe interaction. Equations (5) and (8) can be used to calculate the intensity output from the Kerr shutter:
I i max is the maximum intensity attained by pulse i in the sample, p i (t) is the temporal intensity profile of pulse i normalized to unit maximum, ␣ 2 is the linear-absorption coefficient at the probe wavelength (and we assume negligible absorption at the pump wavelength), n 0 ( 2 ) is the refractive index of the sample at the probe frequency, L c is the length of the Kerr sample, and L is the pumpprobe overlap distance in the sample. Figures 1 and 2 show typical experimental results of angular-and intensity-dependence measurements, respectively, and their agreement with Eq. (9) . For all experiments reported here the angle between the pump and the probe polarizations was kept at 45°for maximum signal. We note in Eq. (9) the time t appearing on the left-hand side and in the pump and the probe intensities on the right-hand side. Its omission from the susceptibility terms implies an instantaneous susceptibility response to the pump field. If the third-order susceptibility response of the material is not instantaneous on the pump or the probe pulse's time scale, the result is a convolution of the pulse profiles and the temporal response function of the susceptibility. 9, 10 Since the ϳ2-ps 11 reorientational response time of the CCl 4 solvent is short compared with the 35-ps pump and 24-ps probe pulses, we assume an instantaneous response from the solvent. As we will see later, the response of the dyes in solution is well modeled by a purely electronic (i.e., instantaneous) response described by the third-order molecular susceptibility 12 where ͕i, j, k, l͖ ϭ ͕x, y, z͖, e is the electronic charge, x is the position operator, ⍀ mg is the (angular) transition frequency between state m and the ground state, a is an incident-field frequency, and ͗x j ͘ lm ϭ ͗x j ͘ lm Ϫ ͗x j ͘ gg .
The prime in both summation terms indicates the summation is only over the excited states ͕m,n,͖ (i.e., the ground state is excluded). Equation (11) clearly shows a dependence on those states accessible directly from the ground state (double summation) and those that pass through an intermediate state to reach the final excited state from the ground state (triple summation).
Equation (11) is calculated in the dipole approximation by applying the method of averages 13, 14 to the timedependent perturbation solution of the Schrödinger equation. The expression also allows for the inclusion of damping phenomena in a phenomenological manner by allowing the transition frequencies ⍀ mg to be complex. In the case of homogeneous Lorentzian broadening the transition frequency is given by
where ⍀ mg 0 is the real transition frequency between the ground level, g, and the excited level, m, and ⌫ m is the linewidth of the transition. It is important to note that the choice of the negative sign in the definition of the complex transition frequency is not arbitrary. The sign is bound by causality to be negative. 15 Furthermore, in order to compare the molecular quantity ␥ ijkl , whose Cartesian indices in Eq. (11) refer to a molecule-fixed frame, to bulk measurements described by IJKL (3) , it is transformed to the lab frame by an orientational average from which a bulk response can be calculated by applying the appropriate local-field factors. 
EXPERIMENT
A. Apparatus Figure 3 shows a detailed schematic of the apparatus we use to perform our OKE experiments. The laser providing the pump pulse is a Continuum PY61-series activepassive mode-locked system producing 30-mJ, 35-ps (FWHM) pulses at a rate of 10 Hz from Nd:YAG lasing media. The lasing wavelength is 1064 nm. The probe pulse is provided by an optical parametric generator/ amplifier (Continuum Mirage OPG-OPA) based on a design and analysis reported by Zhang et al. 16 The OPG-OPA output is tunable from 440 nm to 2000 nm. Only its visible output was used in these experiments.
After exiting the laser, the fundamental and the second-harmonic light generated exterior to the oscillator passes through a colloidally colored glass filter (Schott RG-715) that absorbs both the second-harmonic and the flashlamp light with an extinction ratio of greater than 10 Ϫ5 and transmits greater than 90% of the energy at 1064 nm. Because the fundamental and the secondharmonic pulses are not exactly collinear, any secondharmonic light that makes it through the filter eventually becomes spatially separated enough from the fundamental that it removes itself from the experimental beam paths. Typical pump energies at the entrance to the Kerr cell are of the order of 100 J/pulse, whereas probe energies are of the order of 100 nJ/pulse.
A polarizer-half-wave-plate-polarizer (PHP) attenua-
tor both controls the pump intensity incident on the Kerr sample and ensures that the pump pulse is linearly polarized. After passing through the attenuator, the pump pulse proceeds along a delay line composed of a prism mounted on a stepping-motor-controlled translation stage. This delay line is used to optimize the temporal overlap of the pump and the probe pulses in the Kerr sample. The half-wave plate after the PHP attenuator is used in conjunction with a polarizing beam splitter further downline to adjust the distribution of the pump energy between the two arms of the experiment. After this half-wave plate, the pump pulse passes through an iris diaphragm to provide gross spatial filtering of the transverse intensity profile. Finer spatial filtering is accomplished by passing the pulse through a 1:1 telescope. After the telescope, the pump pulse is split in two by the aforementioned polarizing beam splitter, with the individual pulses now traveling in the separate arms of the experiment. After splitting, each pulse passes through one more half-wave plate that is used to adjust the angle between the polarization vectors of the linearly polarized pump and probe pulses. To provide a measure of the pump intensity incident on the sample, a glass slide placed at a small angle of incidence with respect to the pump-pulse wave vector reflects a small amount of pump light to a high-speed silicon photodiode photodetector (Thorlabs DET2-Si). The spatial overlap of the pump and probe pulses at the sample position is optimized by adjustment of the final pump-steering prism. After passing through the sample, the pump pulse ends its journey in an absorptive beam dump. The low-intensity probe pulse is steered by BK-7 prisms and mirrors. After exiting the OPG-OPA bench, the probe pulse is steered through an iris diaphragm that selects the central portion of the beam and partially collimates it. (The signal output from an OPG-OPA crystal of length L pumped by a beam of radius r has a beam divergence with a solid angle ⌬⍀ ϳ r 2 /L 2 .
16,17
While an OPG-OPA system can effectively reduce the beam divergence of the output, 16, 18, 19 the beam divergence from the Continuum OPG-OPA was large enough that collimating the probe light with a pair of iris diaphragms in each arm was required.) The probe pulse then passes through a Glan-Laser (i.e., air-spaced) calcite polarizer to improve its polarization purity. This polarizer can also be manually rotated to provide coarse intensity control of the probe pulse. The probe pulse is then split by a nonpolarizing beam splitter, and each pulse proceeds into its respective measurement arm. In a measurement arm the probe pulse passes through and is recollimated by a second iris diaphragm stopped to its minimum diameter (ϳ0.5 mm). (Figure 4 shows contour maps generated from CCD camera images of typical transverse spatial profiles of the pump and the probe pulses at the Kerr-cell position and a comparison of the pump and the probe pulse sizes.) The probe pulse then passes through another Glan-Laser polarizer, placed a couple of feet downline, that fixes the pulse's linear polarization state. Uncoated Glan-Laser calcite polarizers (Karl Lambrecht, MGLA-SW) were used in this experiment because of their high extinction ratio (greater than 10 6 ), low-frequency dispersion, and wide transparency range (at least 215-1060 nm). In order to monitor the probe-pulse energy, a glass slide placed between the iris diaphragm and polarizer at a small angle of incidence reflects a small portion of the probe-pulse energy to a high-speed silicon photodiode detector (Thorlabs DET1-Si). After the polarizer, the probe pulse impinges on the Kerr cell in which the OKE interaction with the pump within the sample medium changes the probe pulse's polarization from linear to elliptical. The crossing angle between the pump and the probe pulses is approximately 52 mrad (3°). The change in the probe pulse's polarization is analyzed by a final Glan-Laser cal- cite polarizer (the analyzer) whose transmission axis is oriented perpendicular to the probe pulse's polarization when no pump light is incident upon the sample. The light making it through the analyzer is detected by a high-gain, low-noise photomultiplier tube (Burle Electron Tubes, C31034A-02) capable of counting single photons.
Because the Kerr experiment detects changes in the polarization state of the probe light, and because, in general, this polarization change is quite small, it is of the highest importance to minimize effects that depolarize the probe light when no pump light is incident upon the sample. For example, in typical spectrophotometer cells made of optical-quality glass windows fused to a glass body, the intrinsic stress birefringence of the transmission windows caused a probe depolarization large enough to saturate the detection system. For this and for reasons of simplicity and convenience in sample preparation and handling, measurements were attempted on solid samples of poly(methyl methacrylate) (PMMA), both neat and doped with organic dyes. Experiments were attempted with two types of samples, solutions of organic dye and PMMA spin coated onto low-birefringence fusedsilica windows, and bulk samples of dye-doped PMMA made in the laboratory. For both types of samples the depolarization background from the samples was too high to permit OKE measurements. Because of the unacceptable depolarization background of the spectrophotometer cells and polymer samples, a custom liquid sample cell incorporating high-quality, 2.5-mm-thick fused-silica windows (Corning 7940/7980, Grade 0A, United Lens Company) was designed, fabricated, and used as the Kerr sample cell. 
B. Data Collection
The various photon fluxes from each arm of the experiment (pump energy, probe energy, and Kerr signal) for each laser shot are converted into electrical currents by either silicon photodiodes or photomultiplier tubes. Each detector signal is sent to one of the 11-bit (ϳ1980 counts) channels of a 12-channel, gated, charge-sensitive (current-integrating), computer-automated measurement and control (CAMAC) analog-to-digital converter (ADC) (LeCroy 2249W). The ADC integrates charge pulses from the detectors only when an external gate pulse is applied to it. The external gate is a 200-ns transistortransistor-logic pulse supplied by a digital delay/pulse generator (Stanford Research Systems DG535) triggered by a photodiode that monitors the reflection from the RG-715 filter placed immediately outside the laser bench (Fig.  3) . Owing to an intrinsic 85-ns delay between the triggering of the DG535 and the initiation of the gate pulse, delays in the pump, probe, and OKE signals arriving at the ADC are introduced by means of long (ϳ21-28 m) coaxial-cable delay lines connecting the detectors to the ADC. This results in a measured signal attenuation of approximately 1 dB. Before experiments are performed, an oscilloscope is used to display the gate and detector pulses to ensure that the detector pulses are fully contained within the gate pulse applied to the ADC. The data in the registers of the ADC are read after each laser shot by a LeCroy 8901A CAMAC-to-GPIB (generalpurpose interface bus) interface plugged into the control station of a CAMAC mainframe (LeCroy 8013A). The 8901A interface is queried and transfers the data by a GPIB cable to a 100-MHz Pentium personal computer (PC). The PC runs a LabVIEW 4.0 virtual instrument that controls the stepper motors and the 8901A interface. Data from each laser shot are stored for later analysis.
C. Data Analysis
In order to calculate absolute (3) values, we need to relate the numbers read from the ADC to the total light energy that they represent. Each detector produces a current pulse (13) where R det () describes the detector's spectral responsivity having dimensions of electric current/light power, R(t, tЈ) is the detector temporal response function, I(t) is the pulse's temporal intensity profile, and the area integration is over the active area of the detector (which in these experiments encompasses the pulse's entire transverse spatial profile). The current pulse is integrated by the ADC and digitized, producing a number
where R ADC is the responsivity of the ADC channel having dimensions of charge/count, and ⌬t is the ADC temporal gate width. If the ADC's gate width in Eq. (14) is wide enough to contain the current pulse described by Eq. (13), there is a simple relationship between total pulse energy and the number of ADC counts it produces:
where R ADC Ј () is the responsivity of the ADC detector system having dimensions of counts per unit energy, and E() is the total pulse energy. Each of the two arms in the experiment has three ADC channels: one channel measures the Kerr signal N PMT , the second monitors the pump energy N pump , and the third monitors the probe energy N probe . Autocorrelation and cross-correlation measurements, to determine the temporal profiles of the pump and the probe pulses, 7 and CCD imaging of their spatial intensity profiles (Fig. 4) , show that they are well approximated by Gaussian temporal and spatial profiles:
where I 0 is the maximum pulse intensity, and r pulse and t pulse are the pulse spatial and the temporal Gaussian standard deviations, respectively. Knowledge of the pulse profiles allows us to integrate Eq. (9) and solve it for the OKE susceptibility
where we have used Eq. (15) and the results
where E i is the total energy contained in pulse i. A single data point appearing, for example, in Figs. 7 and 8 (described later) is calculated according to the following prescription: The ADC signals from the pump, probe, and signal detectors for 900 consecutive laser shots are read and stored. The absolute OKE (3) value for each shot is calculated from Eq. (17), and the centroid of the expected Poissonian distribution (Fig. 5 ) of the 900 shots is calculated and taken as the representative value of ͉ OKE (3) ͉ for the given experimental configuration. Additionally, in order to account for systematic drift in the measurement apparatus, the points in the OKE dispersion data that we present are averages of points calculated as just described, taken at the same wavelengths on three consecutive days.
RESULTS

A. Absolute Measurements
We measured the absolute value of the OKE third-order susceptibility,
for neat solutions of nitrobenzene (C 6 H 5 NO 2 ), carbon tetrachloride (CCl 4 ), and methyl-methacrylate (MMA) monomer. The measurements on nitrobenzene and carbon tetrachloride allow for calibration of the apparatus by comparison with previously published results. The measurements on MMA were performed in order to determine if it had a smaller (3) response than CCl 4 . To the best of our knowledge, this is the first time the OKE response of MMA has been measured. Time-resolved measurements performed on a sample of polymerizing MMA, which has a more rigid structure in which reorientation should be minimal, showed no appreciable decrease in the OKE signal (Ϯ10% in (3) ), indicating an appreciable electronic contribution to MMA's third-order NLO response. Table  1 compares the results obtained in these experiments with previously measured values. The temporal responses of both the CCl 4 and the MMA were nearly instantaneous on the pulse time scale used, whereas nitrobenzene exhibited the well-documented 20 reorientational response with a decay time of approximately 35 ps.
B. Resonant Optical Kerr Effect Dispersion Measurements
The relatively wide temporal pulse widths produced by our laser system make dispersion measurements more likely to yield the most information about the samples under study. OKE dispersion measurements were performed on solutions of neat CCl 4 , 5 ϫ 10 15 mL Ϫ1 indole squarylium (ISQ) in CCl 4 , and 2 ϫ 10 15 mL Ϫ1 siliconphthalocyanine monomethacrylate (SiPc-MMA) in CCl 4 in the (visible) resonant absorption region of the two dyes in order to determine the nature of their molecular thirdorder NLO response. Figure 6 shows the structures of the ISQ and SiPc-MMA dyes. These measurements were performed with the pump and the probe pulses both spatially and temporally coincident on the sample. Temporal coincidence is achieved by adjusting the pump delay to maximize the signal for a sample with a very strong, fast response: carbon disulfide (CS 2 ). 9 The frequency response of the OKE signal is measured by tuning the OPG/ OPA to obtain different probe colors and by use of Eq. (17) to calculate the absolute third-order susceptibility ͉ OKE (3) (Ϫ probe ; pump , Ϫ pump , probe )͉ at each color. In measurements of dye-doped liquid solutions the measured signal is due to both the solute (dye) and the solvent response. To describe the total third-order response of this binary solution, we model the solution as a 
This is the (3) that appears in the expression for the pump-probe OKE signal in Eq. (17) . Although the molecular third-order response of the approximately spherically symmetric carbon tetrachloride solvent molecule is small, because its number density in the liquid phase is so much greater than that of the dyes (Ϸ6.24 ϫ 10 21 mL
Ϫ1
compared with ϳ10 15 mL Ϫ1 for the dyes), its contribution to the bulk third-order response of the solution is not negligible. As such, it is necessary to perform dispersion measurements on a neat solvent sample in order to determine the solvent's contribution to the solution's OKE signal. In addition to providing information about the solvent contribution, measurement of the neat solvent signal also allows for referencing of the solution measurements at each wavelength. As long as the dispersion of the measurement apparatus itself is not too large, this kind of referencing accounts for any systematic dispersion in the measurement apparatus and relatively long time-scale fluctuations in experimental conditions. The reproducibility of the results for each of the three separate runs from which the OKE spectra that we present are calculated is the justification for the use of this type of referencing. The referencing method used yields an experimentally measured OKE spectrum of the form
where we use Eq. (17) to solve for the absolute square of the bulk third-order OKE susceptibility of the sample. Our measurements show negligible dispersion in the OKE spectrum of neat CCl 4 in the range of interest. 7 Therefore the frequency dispersion in Eq. (22) is due solely to frequency dispersion in the response of the solute, where we set CCl 4 (3) ϭ 9.51 ϫ 10 Ϫ16 cm 3 /erg as determined from measurements of neat CCl 4 solutions.
The OKE spectrum described by Eq. (22) is calculated by use of Eq. (11) to calculate the third-order molecular susceptibility spectrum ␥ of the chromophore, orientationally averaging the result, 7 and calculating the (3) of the dye in solution by use of molecular additivity. Both ISQ and SiPc-MMA are centrosymmetric (neglecting the outof-plane components of the SiPc-MMA). Our analysis treats the ISQ molecule as one dimensional and SiPc-MMA as two dimensional, which yields different results in the orientational average. The individual energy eigenstates n used in the sum-over-states (SOS) calculation are completely specified by providing the information shown in Table 2 . The measured OKE spectrum is fit by by applying a least-squares fitting criterion to a fit of Eq. (22) to the data.
The energy eigenstates of the dye molecule are obtained in two ways. First, the known one-photon eigenstates of the molecule are obtained from the linearabsorption spectrum
where k 0 is the vacuum wave vector of the incident radiation, and ⑀ 0 () ϭ 1 ϩ 4 (1) (). The calculation of the one-photon states, i.e., those states that can be accessed directly from the ground state, follows along the same lines as the calculation of the OKE spectrum previously described. The first-order molecular susceptibility is calculated with states obtained by fitting the linearabsorption spectrum. The transition frequency and linewidth can be estimated by visual inspection of the position of each peak and its associated peak width in the absorption spectrum. The first-order molecular susceptibility is calculated and used to obtain the complex firstorder bulk susceptibility (1) , which is substituted into Eq. (23) to compute the linear-absorption spectrum. The transition moments mg are varied in a least-squares fit to the absorption spectrum. In order to optimize the fits the peak positions and widths are also slightly varied, but the most-significant fit parameters are the transition moments.
Additional energy eigenstates, particularly the twophoton states, may be needed to obtain a better fit to the OKE spectrum. These two-photon states are often higher-lying states that are not directly probed by the most common experiments. 24, 25 When calculating the OKE spectrum of Eq. (22), the parameters describing the one-photon states obtained from the best fit to the linear absorption spectrum are kept fixed, and the parameters describing the postulated two-photon states are varied until the fit is optimized. In nonlinear optics it is rare for a single experiment to unequivocally determine particular molecular excited states. This is also true of the OKE experiment. When fitting the theory to the data, one must be guided by earlier research and the reasonableness of the states obtained. Figures 7 and 8 show the measured linear-absorption and OKE spectra derived by applying Eq. (22) to the data for the ISQ and SiPc-MMA solutions. (Carbon tetrachloride is a clear liquid, and its contribution to the linearabsorption spectrum is negligible over the region studied.) The figures also show the best fits to the linear-absorption spectra, which yield the parameters of the one-photon states of the dyes.
It is apparent that the SiPc-MMA dye has a nonlinear susceptibility that is opposite in sign to the solute near the absorption peak, whereas the nonlinear response of the ISQ has the same sign. As can be seen in Figs. 7 and   8 , the structure in the OKE spectrum occurs in the same region as it does in the linear-absorption spectrum. While it may not be too surprising that the OKE and the linear-absorption spectra have similar structure, the results of a detailed SOS analysis of the OKE spectra of both the ISQ and SiPc-MMA solutions show that it is necessary to include higher-lying two-photon states to obtain good agreement between the third-order susceptibility theory and the data for both dyes. Figures 9 and 10 show the measured OKE spectra described by Eq. (22) and two calculated OKE spectra. In both figures the poorly fitting spectrum is that calculated by substituting only the one-photon states derived from the linear-absorption spectrum into the SOS expression for ␥. In both cases it is clear that the one-photon states are not sufficient to describe the dyes' third-order response. The better-fitting curves in Figs. 9 and 10 incor- . Measured OKE spectrum (large dots), spectrum calculated from the single one-photon state, and the best-fit spectrum, obtained by the four-level model consisting of the single one-photon state and two two-photon states given in Table 3 , of a 5 ϫ 10 15 /mL ISQ:CCl 4 solution. The pump wavelength is 1064 nm. Fig. 10 . Measured OKE spectrum (large dots), spectrum calculated from the three one-photon states, and the best-fit spectrum, obtained by a seven-level model consisting of the three onephoton states and three two-photon states as given in Table 4 porate into the SOS calculation higher-lying two-photon states that couple to the known one-photon states.
Indole Squarylium
Early measurements on squaraine dyes, 26 and ISQ in particular, indicated that they had comparatively large thirdorder molecular susceptibilities. In particular, the squarylium dyes (a class of zwitterionic polymethine dyes), of which ISQ is one, are interesting because of their large transition moments and their relatively narrow linewidths, which probably account for their large thirdorder molecular susceptibility. 24, 26 X-ray analysis of squarylium structures indicates extensive electron delocalization and a low bond-length alternation (where bond length is defined as the difference between the average length of carbon-carbon single and double bonds in the polymethine chain). 27 It is thought that this low bondlength alternation results in a negative value for ␥.
28
Earlier theoretical investigations of one-dimensional centrosymmetric molecules also predicted they might have negative values of ␥.
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The first state listed in Table 3 shows the parameters for the single excited state that provides the best fit to the measured linear absorption in Fig. 7 . The measured linear-absorption spectrum exhibits the characteristic main peak and the interesting but poorly understood higher-lying (in energy) shoulder that is probably indicative of vibronic levels or possibly due to dimers and trimers. 29 Because the one-photon states provided a poor fit to the measured OKE spectrum, two two-photon states, whose parameters are shown in the last two rows of Table 3 , were added to the energy-level description to more accurately characterize the OKE spectrum.
Silicon Phthalocyanine-Monomethacrylate
A MMA moiety is attached to one end of the SiPc chromophore. This is done to increase the generally poor solubility of SiPc in MMA 30 to attain a higher concentration of the chromophore in solid poly(methyl methacrylate) (PMMA) solutions by its chemically reacting with the polymer to form a copolymer during PMMA polymerization (provided the chromophore concentration is not so high that it interferes with the polymerization process). Among the most important properties that make SiPc potentially attractive for use in NLO devices are its thermodynamic stability and its unusual stability under exposure to electromagnetic radiation. [30] [31] [32] The phthalocyanine ring is also extensively conjugated (which is a hallmark of organic dyes 1 ), potentially making it nonlinear-optically responsive. 26 Because the majority of the conjugation occurs in the plane defined by the porphyrin skeleton, we treat the molecule as two dimensional in our analysis.
The first three rows of Table 4 show the best-fit linearabsorption excited-state parameters. In the linearabsorption spectrum (Fig. 8) , the extremely sharp main absorption peak is accompanied by two higher-energy vibronic levels. 33 The better-fitting curve in Fig. 10 incorporates higher-lying two-photon states into the SOS calculation. It is interesting to note that the best fit to the data requires three separate two-photon states with each two-photon state coupling predominantly to a single onephoton state. The simplest model that incorporates twophoton states would be one wherein a single two-photon state couples to all three one-photon states. When this model was used, it was impossible to obtain a good fit to the small peaks associated with the higher-lying vibronic levels. Figure 11 shows the calculated third-order molecular susceptibility spectrum of SiPc-MMA with the best-fit excited-state parameters. We see that in this Fig. 11 .
Calculated third-order molecular susceptibility ␥ xxxx (Ϫ 2 ; 1 , Ϫ 1 , 2 ) of SiPc-MMA from the best fit to the OKE dispersion data in Fig. 10 and Table 4 . The pump wavelength is 1064 nm. a In fitting the OKE spectrum the one-photon excited-state parameters are not varied from the values determined from the linear-absorption spectrum of Fig. 7 . (See Appendix A for an explanation of the dipolemoment operator .) Table 4 case the real part of ␥ is negative in the resonant regions, which results in the flipping of the peaks in the fit to the bulk data.
We present in Table 5 a comparison of resonant and nonresonant values (calculated at 1064 nm) of the thirdorder molecular susceptibilities of the materials studied in this research. Because the spectral response of the neat organic liquids was fairly flat, the values reported for them are assumed to be nonresonant. The resonant values for the dye molecules were taken from the peak of the calculated third-order molecular susceptibility from the best fit to their respective OKE spectra. A reasonable estimate for the error in ␥ for all reported values is Ϯ20%.
DISCUSSION
Quadratic electroabsorption 3, 4 (QEA) measurements of thin films of ISQ-and SiPc-doped PMMA, and thirdharmonic generation measurements 34 of ISQ in methanol, have been performed in the same spectral region as the OKE measurements described here. In both the OKE and QEA experiments there is a fundamental difference between the measured and the calculated third-order molecular susceptibility tensors of ISQ and SiPc-MMA. The best fit of the ISQ spectrum yields a positive value for the real part of ␥ in the resonant region, whereas the best-fit SiPc-MMA spectrum is obtained with the real part of ␥ negative (Figs. 11 and 12) . The results of the best fit to the OKE spectrum of the ISQ:CCl 4 solution agree well with the state parameters obtained from fits to the aforementioned QEA 4 and third-harmonic generation results. 34 Because of the paucity of nonlinear spectroscopic data on the phthalocyanines, there is no information available concerning their two-photon states. Quadratic electroabsorption (QEA) measurements of thin PMMA films of SiPc-MMA have been performed in the same spectral region as the OKE measurements described here. 35 It is encouraging that the best-fit parameters for both experiments result in the real part of ␥ being predominantly negative in the measured spectral region.
There are at least two mechanisms that can contribute to the birefringence caused by the optical Kerr effect: molecular reorientation and electron-cloud distortion. Although both effects ultimately depend on motion of electrons in response to an electric field, the main difference between them is that the relatively slow (approximately picosecond time scale) molecular-reorientation process is distinguished by the motion of the nuclei in response to the electronic motion, whereas electron-cloud distortion and reequilibration occurs before the nuclei have a chance to move (approximately femtosecond time scale). The many contributing mechanisms to the OKE are discussed extensively by Hellwarth. 36 Since the reorientational contribution depends on the first-order molecular susceptibility ␣, this contribution to the OKE might be particularly strong in the resonant-absorption region where these measurements are performed. The reorientational contribution was modeled by taking a reorientational average of the dipole moment Calculated third-order molecular susceptibility ␥ xxxx (Ϫ 2 ; 1 , Ϫ 1 , 2 ) of ISQ from the best fit to the OKE dispersion data in Fig. 9 and Table 3 . The pump wavelength is 1064 nm. (where D 3 is a degeneracy factor) 37 with a Gibbs potential orientational distribution function 37 
G͑⍀,
where ⍀ is the triplet of Euler angles describing a molecule's orientation in the lab frame, k B is the Boltzmann constant, and T is the absolute temperature. For both dyes the results of this analysis yielded negligibly different calculated OKE spectra from those appearing in Figs. 9 and 10. In performing the fits for both dyes, a free-gas model containing a purely electronic third-order response resulted in the best fits in both cases. The purely electronic response is at least in qualitative agreement with time-response measurements performed on the dye-doped liquid solutions. Femtosecond time-delay measurements would be very helpful in further elucidating the response mechanisms and interaction model. Having established that the response we measure is purely electronic, it is interesting to calculate the offresonant value of ␥ xxxx and compare it with the maximum limit allowed by quantum mechanics. The maximum offresonant third-order molecular susceptibility is given by 38, 39 
where N is the number of electrons in the molecule, and E 1g is the transition energy to the first excited state. This result is general and independent of the molecule. For conjugated systems, Kuhn showed that the number of electrons participating in the excitation is approximated by twice the number of double or triple bonds. 40 For ISQ, N ϭ 22 and for SiPc, N ϭ 38 (or 42 if the oxygens are counted). Table 6 shows the off-resonant value [as calculated from the best-fit parameters in the limit lim ( 1 , 2 ) → 0 ␥ (Ϫ 2 ; 1 , Ϫ 1 , 2 )] and the maximum value of ␥ calculated from Eq. (26), where we used the negative maximum for ISQ and the positive maximum value for SiPc.
It is interesting to note that the calculated maximum values for both dyes are well below their respective theoretical limits. We can explain why ␥ SiPc Ӷ ␥ SiPc max and ␥ ISQ is within a factor of 4 of ␥ ISQ max by understanding the sumrule calculations. The calculations leading to Eq. (26) show that the largest nonlinear susceptibility results when the system has only one dominant excited state. 38, 39 Since SiPc has more excited states, these states, by virtue of the sum rules, remove oscillator strength from the dominant state.
CONCLUSION
We performed pump-probe optical Kerr effect measurements on the neat organic liquids nitrobenzene (C 6 H 5 NO 2 ), CCl 4 , MMA, and squarylium and phthalocyanine organic dyes in liquid solution in order to determine the nature of their NLO response (e.g., whether it is electronic, reorientational, or some combination of the two), the excited states contributing to the NLO response, and the values of their molecular susceptibilities. Because of the time resolution imposed by the pulse widths (ϳ30 ps), we were not able to time resolve reorientational mechanisms in any of materials except nitrobenzene, although the results of fitting the OKE spectra of the dyes indicate the origin of their response is primarily electronic.
The results of OKE dispersion measurements performed on neat and dye-doped carbon tetrachloride solutions indicated the different nature of the molecular susceptibility of the ISQ and SiPc-MMA dyes in the onephoton resonant region. The third-order molecular susceptibility of SiPc-MMA is predominantly negative in this region (Fig. 11) , whereas that of ISQ is predominantly positive (Fig. 12). (The physical reason, based on molecular-structure differences, for this different response was not investigated.) For both dyes it is apparent that the one-photon resonant states do not completely describe the third-order electronic response in the onephoton resonant region. In both cases it is necessary to include higher-energy two-photon states to obtain reasonable fits to the data.
In the case of SiPc-MMA a seven-level model consisting of three one-photon and three two-photon states was used to obtain the best fit to the OKE data. The nature of the model was interesting in that each of the three postulated two-photon levels coupled predominantly to their own one-photon level. In the case of ISQ a four-level model consisting of a single one-photon state and two twophoton states, where each two-photon state coupled to the one-photon level, gave a good fit to the data and was consistent with two-photon states obtained in QEA 4 and third-harmonic generation experiments. 34 The extrapolated off-resonant values of the measured values were substantially below the maximum values allowed by quantum mechanics, implying that much larger susceptibilities are possible for molecules of comparable size.
Whereas all-optical devices would typically not be used in the one-photon resonant region, owing to the large linear absorption, the knowledge of the states gained from these measurements can be applied to calculate the response at other wavelengths. Table 5 clearly shows the very large third-order molecular response of the dyes with respect to the other organic molecules. Results of this nature will put to the test one of the major potential advantages of organic materials, namely, the relative ease with which they can be functionalized to a given environment. If it is possible to adapt strongly third-order molecules to their environment in order to increase their solubility without significantly affecting their NLO response or linear figures of merit (e.g., linear absorption), the potential of organic nonlinear optics is nearly unlimited.
When designing molecular guest-host nonlinearoptical materials and devices, it is useful and desirable to know the complete spectrum, both linear and nonlinear, and the response mechanisms of the molecules from which the device will be made. This allows for the prediction of device performance with some confidence before expending what is typically a considerable amount of time and effort in synthesis. Nonlinear-optical measurements and spectroscopic methods, like time-resolved OKE and OKE spectroscopy, allow the researcher to make such measurements in a geometry that is similar to that which might be employed in many all-optical devices (i.e., a strong control beam controlling a weak signal beam).
Studies of nonlinear optical processes and devices are playing an increasingly important role in both basic and applied science. Organic and polymeric nonlinear optical materials are steadily realizing the materials potential for applications that were foreseen years ago. Organic and polymeric systems are complex, and much more basic research is necessary to gain a better understanding of their response. This is especially crucial for finding novel methods to overcome the upper limits of the nonlinear susceptibility. In addition, such an understanding will allow for a more scientifically sound basis for their use, which must supplant trial-and-error approaches in order to be useful in applications outside the laboratory.
APPENDIX A: TRANSITION-MOMENT MATRIX
We recall the definition of the transition moment between two states:
where e is the electronic charge, ͗m͉ is the bra corresponding to the mth stationary state of the system, x is the position operator, and ͉n͘ is the ket corresponding to the nth stationary state of the system. From Eq. (27) 
We have only indicated the lower triangular portion of the operator because it is Hermitian. The first row corresponds to the ground-state transition moments of the system. The 00 term represents the permanent groundstate dipole moment. (This is true of the diagonal elements in general; i.e., the nn term corresponds to the dipole moment of excited state n.) The elements of the first column of the matrix describe the one-photon transition moments between the ground state and the excited state indicated by the row index. This transition moment is identically zero for pure two-photon states, since direct transitions between the ground state and pure twophoton states are not allowed. In general, the (m, n) element of the matrix describes the transition moment between states m and n. In the specification of the operators in Tables 3 and 4 we have left out the 00 term, since it is zero for both these centrosymmetric molecules. Thus the transitionmoment matrix appearing in the tables should be read 
The matrices presented in Tables 3 and 4 have only the unique nonzero elements. Zeros were placed in certain positions for emphasis, for example, to emphasize what states are two-photon states, or simply to guide the eye. The complete transition-moment operators, as constructed from the data appearing in Tables 3 and 4 , were used in the SOS calculations.
